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ABSTRACT

A fiber reinforced composite material comprising a resin
matrix and primary reinforcement fibers and further com
prising Secondary, Smaller diameter, reinforcement fibers at
one or more ply interfaces, or portion thereof, provides
improved interlaminar toughness, Strength, and delamina
tion resistance without Substantial reduction of in-plane
properties and without Substantial increase in weight. In one
embodiment, the Small fibers are attached to one side of a
conventional prepreg prior to lamination. The Small fibers
are flexible and are expected to conform to the shape and

distribution of the primary reinforcing fibers at the interface.
49 Claims, 9 Drawing Sheets
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2
gerous because interlaminar Stresses act on an unreinforced
plane. Such a plane is always present between the plies with

DELAMINATION RESISTANT COMPOSITES
PREPARED BY SMALL DIAMETER FIBER
REINFORCEMENTAT PLY INTERFACES

different fiber orientations.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. S119(e)

to U.S. provisional application Ser. No. 60/087,694, filed
Jun. 2, 1998. Said provisional application Ser. No. 60/087,
694 is incorporated herein by reference in its entirety.
FIELD OF THE INVENTION

The present invention relates generally to the reinforce
ment of adhesive interfaces and, more particularly, to the use
of Small fibers to provide low Volume, high Strength rein
forcement of interfaces between the plies of a laminate

15

material.
BACKGROUND OF THE INVENTION

Fiber reinforced composites comprise a fibrous or fila
mentary material embedded in a matrix. The fiber is the load
bearing component and the matrix dissipates loads to the
fibers, maintains fiber orientation, and protects the fiber from
damaging environmental conditions.
Composites are classified according to their matrix phase.

25

For example, there are polymer matrix composites (PMCs),
ceramic matrix composites (CMCs), and metal matrix com
posites (MMCs). Other types of composites are also known,

Such as glass matrix composites, carbon matrix composites,

etc.

Polymer matrix composites utilize a resin System along
with a catalyst or curing agent and fiber reinforcement.
These materials are used in consumer goods Such as boats,
piping, auto bodies, etc., as well as in the production of a
wide spectrum of industrial components.
High Strength, high modulus composite materials are
often termed “advanced composites.” Low weight, high
Strength, high Stiffness materials are especially attractive for
aircraft and aerospace Structural components. Advanced
composites have also been adopted for use in the manufac
ture of Sporting goods Such as high performance golf, tennis,
fishing, and archery equipment. Advanced composites are
also finding increased use in the industrial and automotive
markets, as well as for other weight Sensitive applications.
Fiber reinforced resin composites are typically formed by
laying up a plurality of plies formed of reinforcing fibers.
The plies may be preimpregnated with resin in an uncured
or partially cured State. The resin is cured by applying heat
and usually pressure, although catalytic curing at low tem
perature is also known, e.g., curing at room temperature
using a catalyst-promoter System. Alternatively, resin layers
may be added to Stacks of dry plies and the resin infused into
the dry plies as it is cured.
Due to the ply-by-ply nature of resin composites, the
Susceptibility to delamination along interlaminar planes is an
intrinsic and severe problem of these materials 1). Inter
laminar Stresses due to mismatch of anisotropic mechanical
and thermal properties of plies occur at free edges, joints,
matrix cracks, and under out-of-plane loading. Delamination
is often the dominating failure mode in laminates Subjected
to impact and fatigue loading.
Idealized models of edge delamination exhibit Singular
concentrations of interlaminar shear and peel Stresses near
edgeS2). High interlaminar stresses occur in the vicinity of
cracks in primary reinforcing plies. This is especially dan

A number of methods to prevent delamination have been
developed over the years 3, 4). These include matrix
toughening, optimization of Stacking Sequence, laminate
Stitching, braiding, edge cap reinforcement, critical ply
termination, and replacement of a Stiff ply by one that has
Softer regions. Most designs to reduce delamination resulted
in Significant cost or weight penalties.
One attempt to improve delamination resistance involves
the modification of the chemistry of the resin composites to
increase resin fracture toughness while maintaining com
posite compression Strength. Most methods of increasing the
fracture toughness of a brittle resin, Such as an epoxy,
involve the addition of at least one component with a lower
Shear modulus than the resin base. This approach is disad
Vantageous in that it reduces the overall shear modulus,
often below that necessary to maintain composite compres
Sion performance, and increases the Susceptibility of the
composite to heat and Solvents.
Ductile interleaving 5 is an effective method to improve
delamination resistance. Layers of toughened resins
(interleaves) are inserted at interfaces between the primary
plies in this method. Rubber or thermoplastic particle tough
ening is often utilized. Substantial improvement in inter
laminar fracture toughneSS was achieved by this method.
However, the thickness of the toughened interleaves is
usually comparable to the thickness of the primary reinforc
ing plies. Accordingly, this method is generally only Suitable
for use at critical interfaces. The use of these interleaves at
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multiple interfaces may Substantially increase weight and/or
reduce in-plane properties of laminates.
Another approach to prevent delamination of fiber rein
forced composite materials has been to add more mass to
keep the Stresses low. This approach, however, is disadvan
tageous in that it Substantially reduces the weight Savings
advantage associated with fiber reinforced resin composites.
Another approach used to Solve the delamination problem
is to design discrete portions of a composite to have a
substantially higher stiffness than the remainder of the
composite. The Stiffer portions become the primary load
carrying paths and can be varied to meet Structural require
ments. The disadvantage of this approach is that it places
Severe restrictions on design. Also, weight is increased by
the material added to discretize the stiffness of various load
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paths. The end result is a structure that is heavier and more
difficult to manufacture than composite Structures that do not
have these design constraints.
Delamination resistance of fiber reinforced resin compos
ites can be improved by cross-ply Stitching laminate plies
together. While this method does not substantially increase
weight, it increases production costs. Also, this technique
may be difficult to implement in composites Structures
having complicated Structural configurations.
Also, the interlaminar fracture toughness of composites
employing a high temperature, e.g., polyimide, matrix mate
rial is generally Superior to those employing a brittle ther
moset resin matrix material, e.g., epoxy. However, there is
experimental evidence for interface degradation and delami
nation due to matrix microcracking after thermal aging.
Reinforcement of interfaces in laminates by fibers of
conventional diameters has been experimentally explored
6. Random mats of commercial polyaramid, polyester, and
glass fibers were studied. Improvement in the Mode I critical
energy release rate was reported for all in-lay materials. Best
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results were obtained with polyaramid fibers combined with
a toughened epoxy adhesive. However, the thickness of the
inner, randomly reinforced layer was equal or higher than
the thickness of primary reinforcing plies. Further, fiber mats
required preimpregnation. The toughened adhesive layer
required additional curing, leading to Some embrittlement of
the primary plies. Structurally, thick interlayerS reinforced
by fibers of conventional diameters can be regarded as
additional plies rather than interface modifiers. High thick
neSS of these layerS and low volume fraction of randomly
distributed fibers lead to Substantial reduction of in-plane
properties, Such as compression Strength, of laminates.
It would, therefore, be desirable to provide improved
compositeS providing better damage tolerance due to
delamination resistance and microcrack arresting properties.
It would also be desirable to provide a technique for
imparting delamination resistance and microcrack arresting
capability to a composite material that is inexpensive, does
not require a significant increase in weight or Volume of the
resulting composite, and requires only minimal effect on
current laminating techniques and facilities.

15

SUMMARY OF THE INVENTION

The present invention is directed to a composition of a
fiber reinforced composite material comprising a resin
matrix and primary reinforcement fibers and further com
prising Secondary reinforcement fibers at one or more ply
interfaces wherein Secondary reinforcement fiberS have
diameters smaller than the primary reinforcement fibers. The
secondary reinforcement fibers may be distributed over the
entire ply interface, or, may be distributed over an individual
part or individual parts of a ply interface.
The present invention discloses a novel concept of Small
fiber reinforcement of interfaces. The key in this delamina
tion Suppression concept is the Small diameter of fibers used

25

BRIEF DESCRIPTION OF THE DRAWINGS

35

for the modification. Small fibers reinforce laminate inter

faces without Substantial reduction of in-plane properties.
Each laminate interface can be reinforced by small fibers
without Substantial increase in weight or thickneSS. Given
the minimal effect on weight and thickness, the present
invention is not limited to reinforcement of only critical
interfaces and may be used for reinforcement of a plurality
of ply interfaces or all ply interfaces.
Small fiber reinforcement according to the present inven
tion is capable of improving interlaminar toughness,
Strength, and delamination resistance for Static, fatigue, and
impact loadings of composite materials. Delamination resis
tance is improved for all types of interlaminar Stresses and

delamination Sources, including normal (peel) and shear

40

The detailed description of the invention may be best
understood when read in reference to the accompanying
drawings wherein:
FIG. 1 illustrates the construction of a composite accord
ing to the present invention;
FIG. 2A shows an SEM image of a non-woven micro spun
PBI sheet according to the present invention;
FIG. 2B shows a SEM image of the longitudinal cross
Section of a laminate having Small fiber reinforcement at the
ply interfaces in accordance with the present invention;
FIGS. 3A and 3B show SEM images of the Mode I
fracture Surface of the laminate with thin fiber reinforced

interface;
45

FIGS. 4A and 4B show SEM images of the Mode II
fracture Surface of the laminate with thin fiber reinforced

interface;

FIG. 5 shows a random mat of electrospun polyimide
fibers; and
50

Stresses produced by direct out-of-plane loads or by in-plane
Shearing, tensile and compressive forces due to ply property

FIG. 6 shows commercial and electrospun Kevlar(R) fibers.
DETAILED DESCRIPTION OF THE
INVENTION

mismatches, Such as Poisson’s coefficient mismatch and
extension-Shear coefficient mismatch. The Small fiber rein

forcement is useful in both Suppressing and arresting
delamination from any Source, including matrix cracks, free
edges, notches or holes, ply drops, bonded joints, bolted
joints, out-of-plane loading, and So forth.
The present invention is advantageous in that preimpreg
nation of the Small fiberS is optional, but not necessary. In a
preferred embodiment, there is no preimpregnation of the
small fibers. The small fibers are flexible and are expected to
conform to the shape and distribution of the primary rein
forcing fibers at the interface as the resin flows. Therefore,
the resin rich Zones near the primary ply Surfaces are
reduced or eliminated. However, it will be recognized that
the Small fibers may be preimpregnated and, if desired, any

4
exceSS resin may be Squeezed out for the purpose of reduc
ing or eliminating resin rich Zones. It is believed that the
delamination Suppression is achieved through both improve
ment of interlaminar fracture toughness and reduction of
interlaminar Stresses by Smearing the mismatch of ply
properties in multidirectional laminates.
The diameter of conventional reinforcing fibers used in
advanced composites typically varies from Several
micrometers up to hundreds of micrometers and even mil
limeters. Such conventionally employed fibers, include, for
example, graphite, boron, glass, and ceramic fibers with
diameters ranging to Several hundred millimeters and even
millimeters. In implementing the Small diameter reinforce
ment of the present invention, generally, about one order of
magnitude difference in diameter between the primary rein
forcement fibers and the Smaller Secondary interlaminar
reinforcement fibers will be sufficient. Where the primary
reinforcement fibers are relatively large, fibers of conven
tional diameters (i.e., on the order of microns) are Suitable
for use as the secondary smaller interlaminar fibers. Where
the primary reinforcement fibers are relatively Small (i.e.,
micron range or Smaller), then fibers of Smaller diameters
are needed to implement the concept described above.
Therefore, depending on the diameter of the primary rein
forcement fibers, fibers of submicron diameters (nanofibers)
may be needed for interface reinforcement in accordance
with the present invention.

55

Here follows a description of various embodiments of the
invention. It is to be understood that both the foregoing
general description and the following detailed description
are exemplary and explanatory only and are not restrictive of
the invention as claimed.

60
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AS Stated above, the present invention is directed to
improved laminate materials, preferably reinforced
composites, and most preferably advanced polymer matrix
composites, wherein lamina-lamina interfaces are reinforced
with fiberS having a diameter Smaller than the primary
reinforcing fibers. The main structural fibers are referred to
herein as “primary reinforcing fibers” and the fibers used to
reinforce the ply interfaces are referred to as "Secondary
reinforcing fibers.”

US 6,265,333 B1
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S
AS Stated above, in polymer matrix composites primary
reinforcement fiber materials are added to the resin System
to provide strength to the finished part. The selection of
reinforcement material is based on the properties desired in
the finished product. These materials generally do not react
with the resin but are an integral part of the composite
System. The present invention is not limited to the use of any
particular primary reinforcing fiber. Any Suitable fiber or
filamentary material may be used as the primary reinforce
ment in the layers of composite material according to the
present invention. Such primary reinforcement fibers are
generally known in the art and include, but are not limited

to alumina, aluminosilicate, aramid (Such as Kevlar®,
Twaron(E), or other aramid fibers), black glass ceramic,
boron (e.g., boron on titania, boron on tungsten, and So
forth), boron carbide, boron nitride, carbonaceous fibers,
Such as carbon or graphite fibers, ceramic fibers, glass fibers
(Such as A-glass, AR-glass, C-glass, D-glass, E-glass,

resins, phthalocyanine resins, polyacrylates, polybenzox
azole resins, polybutylene, polyester resins, polyimides,
including high temperature polyimides such as PMR, PMR

15, and DMBZ polyimides), acetylene terminated polyimide

resins, polyurethanes, Silicones, tetrafluoroethylene,
tetrafluoroethylene-hexafluoropropylene copolymers,

triazines, alkyds, unsaturated polyester (UP) resins, vinyl
ester resins, Vinyl esters, Xylene resins, Specialty polymers,
and so forth.

The matrix material may also be thermoplastic materials

based on acrylonitrile butadiene Styrene (ABS) copolymers,
15

copolymer, polyamides, aromatic polyamides (aramids),

polyamide-imide, polyarylates, polyarylene oxides, pol
yarylene Sulfides, polyarylsulfones, polybenzimidazole,
polybutylene terephthalate, polycarbonates, polyester
imide S, polyether Sulfone S, polye the rimide S,
polyetherketones, polyetheretherketones, polyethylene
terephthalate, polyimides, polymethacrylate, polyolefins

R-glass, S-glass, S1-glass, S2-glass, and other Suitable types

of glass), high melting polyolefins (e.g., SpectraF) fibers),

high Strength polyethylene, liquid crystalline polymers,
metal fibers, metal coated filaments, Such as nickel, Silver, or

copper coated graphite fiber or filament, and the like, nylon,
paraphenylene terephthalamide, polyetheretherketone

(PEEK), polyetherketone (PEK), polyacrylonitrile,
polyamide, polyarylate fibers, polybenzimidazole (PBI),
polybenzothiazole (PBT), polybenzoxazole (PBO), poly
benzthiazole (PBT), polyester, polyethylene, polyethylene
2.6 naftalene dicarboxylate (PEN), polyethylene phthalate,

(polyethylene, polypropylene), poly allomers,

polyoxadiazole, polyparaXylene, polyphenylene oxides

25

and so forth.

Silica, Silicon carbide, Silicon nitride, Silicon carbonitride,
35

fibers.

The primary reinforcement fiberS may be present in any of
the various conventional forms. Such forms include, for

example, monofilament fiber, multifilament yarn, tow, or
roving, chopped Strand, acicular particles, woven or non
woven fabric, mat, unidirectional tape, and So forth. When
prepreg materials are used, fabrics, mats, or tapes are
typically used as the primary reinforcing fiber.
Advanced composite Systems are divided into two basic
types, thermosets and thermoplastics, with thermosets being
by far the predominant type. Composite manufacturing
processes generally involve the combining of a resin, a
curing agent, and Some type of reinforcing fiber. Typically,
heat and pressure are used to shape and cure the mixture into
a finished part. Thermosets require a curing Step to produce
a cured or finished part. Once cured, the part cannot be
changed or reformed. Thermoplastics currently represent a
relatively small part of the PMC industry. They are typically

40

materials based on epoxy resins, biscitraconicimide (BCI),
bismaleimides (BMI), bismaleimide/triazine/epoxy resins,
cyanate esters, cyanate resins, furanic resins, phenolic
resins, urea-formaldehyde resins, melamine-formaldehyde

Also, other elastomeric or rubber materials may be
employed as the matrix material, including, but not limited
to butadiene-acrylonitrile copolymers, ethylene butadiene
block copolymer, ethylene-propylene base copolymer, natu
ral rubber, polychloroprene rubber, polyisoprene
isobutylene coploymers, Silicone rubber, Styrene
acrylonitrile copolymers, Styrene-butadiene copolymers,
Styrene-maleic anhydride copolymers, and So forth.
In one embodiment, the matrix material may be a tough
ened resin material. Methods of improving the toughness of
resins, Such as the thermoset resins listed above, wherein

elastomeric or thermoplastic particles are incorporated into
the resin matrix System, are well known in the art and are
45
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Supplied as nonreactive Solids (no chemical reaction occurs
during processing) and require only heat and pressure to
form the finished part. Unlike the thermosets, the thermo
plastics can usually be reheated and reformed into another
shape, if desired.
The invention is not limited to any particular matrix
material. Any Suitable matrix material may be employed.
The matrix material may be, for example, thermosetting

(PPO), modified PPOs, polystyrene, polysulfone,

polytetrafluoroethylene, polyvinyl acetate, polyvinyl
alcohol, polyvinyl halides Such as polyvinyl chloride, poly
Vinyl chloride-vinyl acetate copolymer, polyvinyl
pyrrollidone, polyvinylidene chloride, Specialty polymers,

polyethylene terephthalate, polyvinyl halides, Such as poly
Vinyl chloride, other specialty polymers, quartZ, rayon,
Silicon oxycarbonitride, titania, titanium boride, titanium
carbide, Zirconia toughened alumina, Zirconium oxide, and
so forth. Mixtures of any such suitable fibers may also be
employed. The types of fiber most commonly used in
advanced composites are carbon/graphite, aramid, and glass

aromatic poly carbonates, aromatic polyesters,
carboxymethylcellulose, ethyl cellulose, ethylene Vinyl
acetate copolymers, polyacetals, polyacetates, polyacryloni
trile and other nitrile resins, polyacrylonitrile-Vinyl chloride

attractive for use with the Small fiber interlaminar reinforce

ment according to the present invention, particularly where
it is desired to produce a composite material with increased
toughness, Such as toughness against impact induced dam
age. In one embodiment, the matrix material may be a
thermosetting resin toughened with elastomeric or thermo
plastic particles. In another embodiment, the matrix material
may be an epoxy, cyanate, or bismaleimide resin toughened
with elastomeric or thermoplastic particles. In yet another
embodiment, the matrix material may be an epoxy resin
toughened with elastomeric or thermoplastic particles.
Other suitable matrix materials operable to embody the
present invention include metal matrixes, Such as aluminum
and titanium, ceramic matrixes, glass matrixes, carbon
matrixes, and the like.

60
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Any other conventional additives may optionally be
present in the matrix System which include, but are not
limited to, flame retardants, catalysts, promoters, or
hardeners, Such as curing or cross-linking catalysts or cata
lysts to promote the growth of conductive materials, fillers
Such as quartz powder to reduce thermal expansion or other
relatively inert materials which may be added to reduce cost,
or other fillers or extenders used to modify mechanical

US 6,265,333 B1
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properties, Serve as a base for color effects, or to improve
Surface texture, extenders, or to dilute or extend high cost
resins without Significant lessening of properties, inhibitors,
thixotropic agents, adhesion promoters, any other additive
capable of exerting a positive effect on the Substrate and
during processing Such as finishing agents to improve matrix
to fiber coupling or a noble metal or noble metal compound
to make the material catalytic for electroleSS deposition of
copper, and So forth. Such additives and their use are
generally known to those skilled in the art.
The primary reinforcement fiber content by volume in the
matrix will usually be from about 5 percent to about 90
percent, typically from about 40 percent to about 70 percent,
and may be varied appropriately depending on the particular
purpose for which the composite is to be used.
The secondary reinforcement fibers may be any of the
fibers listed above as being useful as primary reinforcement
fibers. The key in this delamination Suppression concept is

8
may otherwise be readily commercially available. When the
diameter of primary reinforcing fibers themselves are rela
tively Small in diameter, Sufficiently Small diameter Second
ary reinforcement fiber may have a more limited availability.
For example, if it is desired to employ fibers having a
diameter of Several micrometers as the primary reinforcing

fibers (such as graphite fibers having a diameter of about 5-7

micrometers as may be typically employed in advanced

composites), then fibers of Submicron diameters (hereinafter
referred to as “nanofibers”) will be required.
Several types of Small diameter fibers are available. These
include, but are not limited to, ceramic or metal whiskers,
microdrawn metals, Small carbon fibers, asbestos fibers,
15

the use Small diameter fiber. The term Small diameter refers

to the diameter of the secondary reinforcement fiber relative
to the diameter of the primary reinforcement fiber.
The diameter of the secondary reinforcement fiber will be
Sufficiently Smaller if it provides laminate interface rein
forcement without Substantial reduction of in-plane proper
ties and/or without Substantial increase in weight and/or ply
thickness. In a preferred embodiment, a nonwoven mat is
used for the secondary reinforcement fiber. The mat may be
made from short fibers, long discontinuous fibers, continu
ous fibers, acicular polymers, particles, or crystals, and So
forth. The thickness of the mat is most preferably small
enough that no preimpregnation of the Small diameter fibers
is needed. Advantageously, the thin fiber mat can be attached
to one side of a conventional prepreg prior to lamination, for
example, Simply by placing onto the prepreg. The thin fibers
are flexible and are expected to conform to the shape and
distribution of the primary reinforcing fibers at the interface
as the resin flows, thereby reducing or eliminating resin rich
Zones near the primary ply Surfaces. While not intending to
be bound by any particular theory, it is believed that the
delamination Suppression according to the present invention
is achieved through both improvement of interlaminar frac
ture toughneSS and reduction of interlaminar Stresses by
Smearing the mismatch of ply properties in multidirectional

25

nonwoven mats of fibers Suitable for interface reinforce
35

Solvent or Solvent mixture to make a concentrated Solution

and the molecular weight is high enough. Table 1 below lists
polymers that have been Successfully electrospun into Small

40

AS stated above, fibers of Smaller diameters relative to the

45

primary reinforcement fibers are needed to implement the
present invention. Thus, the diameter of the Secondary
reinforcement fibers will depend on the diameter of the
primary reinforcement fibers. AS Stated above, the diameter
of the secondary fibers is sufficiently small if it provides

50

laminate interface reinforcement without Substantial reduc

55

diameter fibers.

References 8-10), each of which is incorporated herein
by reference, disclose a number of methods for making
Superfine fibers. Wente 8 discloses a method of making
Submicron fibers via extrusion into heated, high Velocity air
Steams. Reneker et al. 9 describe the electroSpinning
process. Reneker 10 discloses electroSpinning as well as
other methods for making small diameter fibers. FIG. 5
shows a random mat of electrospun polyimide fibers useful
in reinforcing ply interfaces in accordance with the present
invention. FIG. 6 shows a commercial KevlarE) fiber and

electrospun Kevlar(R) fibers. Small diameter metal fibers
Such as nickel or Steel fibers having diameters in the range
of Several microns as well as in the range of one micron and
Smaller are also available and are Suitable for ply interface
reinforcement. Likewise, Submicron carbon and ceramic

fibers, including short fibers (whiskers) are also commer

cially available and Suitable for ply interface reinforcement
in accordance with the present invention.

reinforcement fiber will be about one-fourth, or less, of the

diameter of the primary reinforcing fiber. In another
embodiment, the diameter of the Secondary reinforcement

ment. Any type of polymer can be electrospun to produce
nanofibers, So long as it can be dissolved in an appropriate

(although in Some cases the polymer melt may also be used)

laminates.

tion of in-plane properties and/or without Substantial
increase in weight and/or ply thickness. Typically, the
Smaller diameter Secondary fibers according to the present
invention will generally have a diameter of approximately
one-third, or less, of the diameter of the primary reinforcing
fiber. In one embodiment, the diameter of the secondary

natural fiberS Such as cellulose and the like, and polymer
fibers produced by air blowing, blend Spinning,
electroSpinning, phase separation of copolymers
orpolymerblends, and So forth.
A new technology of manufacturing thin polymer fibers
by electroSpinning has been developed and Studied. The
method is based on the principle of Spinning polymer
Solutions in a high-voltage electric field. It consists of the
ejection, from the end of a capillary tube, of a charged jet of
a liquid polymer, Such as a polymer Solution or molten
polymer, which is elongated and accelerated by an external
field. Nanofibers have been prepared by electroSpinning
from over thirty different Synthetic and natural polymers,
including high-temperature polyimide and polyaramid
fibers. ElectroSpinning typically produces fibers having a
diameter of about 5 to about 5000 nm, although fibers with
diameters as Small as three nanometers have been produced
by this method. The method can be used to produce random

TABLE 1.
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fiber will be about one-fifth, or less, of the diameter of the

primary reinforcing fiber. In a most preferred embodiment,
there will be a difference of about one order of magnitude or
greater between the primary and Secondary reinforcement
fiber diameters. Where the primary reinforcing fibers are of
a relatively large diameter, Secondary fibers of Sufficiently
Small diameter may be obtained from conventional means or

Electrostatically Spun Polymers.
Polymer Class

Polymer

High performance Polyimides
65 polymers & liquid Polyamic acid

crystal polymers Polyetherimide

Solvent
Phenol
m-Cresol
Methylene chloride
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TABLE 1-continued

layers. See for example, U.S. Pat. No. 5,057,353. In accor
dance with the present invention, the Secondary reinforce
ment fiber penetrates the adjacent resin layers and, most
advantageously, penetrates the primary reinforcement fiber

Electrostatically Spun Polymers.
Polymer Class

Copolymers

Polymer

Solvent

Nylon 6 & Nylon 66

Formic Acid

Polyaramid

Sulfuric acid

Poly-gamma-benzylglutamate

Dimethylformamide (DMF)

Poly(p-phenylene

Sulfuric acid

network.

Although FIG. 1 is depicted in exploded view for illus
trative purposes, the actual manner of construction may be
accomplished in a number of ways. For example, one aspect
of the present invention relates the modification of a con
ventionally formed or commercially Supplied prepreg by
placement of the Secondary reinforcement fiber on the
Surface thereof. The manufacture of prepregs are generally
known in the art and may be prepared, for example, by
dipping the primary reinforcement fibers through a resin

terephthalamide)
Polybenzimidazole (PBI) dimethylacetamide
(DMAC)
Ultem 1000 (Polyether Chloroform
imide)

Nylon 6-Polyimide

Formic acid

PETPEN

Trifluoroacetic acid?

15

dichloromethane

Textile fiber

Polyacrylonitrile

polymers

Polyethylene terephtalate Trifluoroacetic acid/

Electrically

dichloromethane

Polypropylene
Nylon
Polyaniline

Melt in vacuum
Formic acid
Sulfuric acid

mat according to the present invention can be formed by
attaching the Secondary reinforcement fiber to the prepreg.

In one embodiment, where the Small diameter fibers are in
the form of a mat, fabric, and so forth which can be handled,

conducting
polymer
Biopolymers

DNA

Water

Polyhydroxybutyrate-

Chloroform

valerate

Polyethers

Polyethylene oxide

Polyesters

Polynaphthalene
terephthalate (PEN)
Polybutylene
terephthalate (PBT)

Elastomers

Styrene-butadiene rubber Tetrahydrofuran (THF)

(PEO)

(SBR)

Other

25

Water & Water?ethanol
Trifluoroacetic acid?
dichloromethane
Trifluoroacetic acid?
dichloromethane

Shell's Kraton (SBS)

THF/DMF or

Polystyrene (PS)

Chloroform/DMF
ToluenefDMF

Polyacrylonitrile (PAN)
Mesophase Pitch
Polyvinyl chloride (PVC)
Polyvinyl alcohol (PVA)

DMF or DMAC
Melt spinning
THF/DMF
Water

The processes for the manufacture of laminates and
laminated composites are well known to those skilled in the
art and are widely practiced commercially, and Such pro
ceSSes may be readily adapted to employ the thin fiber
reinforcement of ply interfaces according to the present
invention.

An embodiment illustrating the construction of a laminate
material according to the present invention is depicted in
FIG. 1. FIG. 1 depicts a single ply-ply interface wherein thin
a fiber mat 10 is placed between plies 12 and 14 comprising
primary reinforcement fibers. The plies 12 and 14 and small
diameter fiber mat 10 are formed into the laminate through
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the small diameter fibers may be placed by hand on the
prepreg. In another embodiment, where the Small diameter
fibers are not in an easily handled form, for example,
whiskers or short fibers not in a mat form, the fibers may be
distributed over the Surface of the prepreg, for example,
from an gas or liquid Suspension. In one embodiment, the
Short fibers may be distributed by Spraying a gas, i.e., air, or
liquid Suspension thereof. In yet another embodiment, the
Secondary reinforcement fiber may be spun directly onto the
Surface of the prepreg using conventional Spinning
techniques, including electroSpinning. In one embodiment,
the fibers may be spun from a polymer Solution, polymer
melt, or from a fluid mixture of polymerizing reactants. In
another embodiment, the fibers can be made by removal of
the matrix after phase Separation into fiber from a mixture
containing dissolved polymer.
In forming laminateS prepared from prepregs having the
Small fibers attached thereto, it is preferable to employ
preSSure, with or without the application of heat, in the
molding or Shaping of the composite materials prepared with
Secondary reinforcement at the ply interfaces in accordance
with the present invention in order to completely fill the
interstices of the both the primary and Secondary reinforce
ment materials and to wet the Surface of both the primary
and Secondary reinforcement fibers. Exemplary molding
techniques include compression molding, pressure bag

molding, vacuum bag molding, low pressure molding (e.g.,
200 psi or less), and the like. It will be recognized, however,
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the introduction of matrix material and consolidation or

bonding of the three layers, e.g., through the application of
heat and pressure. The matrix material may be introduced
either before or after the lay up of plies 12 and 14. In one
embodiment, plies 12 and 14 may be impregnated with
resin. The resulting composite comprises a strong and tough
ened interlaminar interface with minimal increase in ply
thickness and weight over that which is obtained without the
small diameter fiber reinforcement. This is unlike the prior
art technique described above 6 in which fiber reinforce
ment using fiber of conventional diameter essentially
resulted in an additional ply. The present invention is also
unlike the technique of using an adhesive or resin layer at the
interface between layers in the composite wherein it is
desirable that the reinforcement layer remains a discrete
layer and maintains Separation between the fiber reinforced

reinforcement fibers through heat to melt the resin and
pressure to force the resin into the fiber network. Once the

prepreg is formed (or obtained commercially), the improved

Dimethylformamide

(PET)

(i.e., Solution), or, alternatively, by impregnating the primary
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that the present invention is not limited to the use of preSSure
or compression in the molding or curing process, and the use
of Secondary reinforcement between plies in accordance
with the present invention is also Suitable for contact mold
ing applications, and the like, wherein reinforcement and
resin are placed on a mold and cured, e.g., at room tem
perature using a catalyst-promoter System or by heat in an
oven, wherein no additional preSSure is used.
In a preferred embodiment, the present invention com
prises a prepreg having a random mat of continuous elec
trospun fiber attached to one side of the prepreg. The mat
may be separately formed by electroSpinning and then
Simply placed onto one side of the prepreg. Alternatively, the
Secondary reinforcement fiber may be electrospun directly
onto the prepreg. In either case, the prepreg will typically
have Sufficient tack Such that no additional adhesive or resin

will be necessary to maintain placement of the Secondary
reinforcement fiber on the prepreg Surface.

US 6,265,333 B1
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In fashioning a laminate from the composite plies accord
ing to the present invention, many of the conventional
fabrication techniques and equipment maybe employed. One
Such technique involves the hand lay-up of prepreg wherein
a prepreg product is laid down and formed to the desired
shape and number of layers. After forming, the lay-up
assembly may then be cured, e.g., by moving the assembly
to an autoclave for cure under heat and pressure. Delami
nation resistant composites in accordance with the present
invention may thus be prepared wherein at least one of the
ply Surfaces or at least one part of one or more of the ply
Surfaces forming the interface between layerS comprises the
Secondary reinforcement fibers. Since the present invention
adds little thickness and weight, it is advantageous to
provide the Secondary reinforcement according to the
present invention to more than one of the ply interfaces.
Most advantageously, the Secondary reinforcement fiber is
present at each ply interface.
In like manner, a prepreg having Secondary fiber attached
to one side thereof may be employed in an automated tape
lay-up process wherein prepreg tape material is fed through
an automated tape application machine and applied acroSS
the Surface of a mold in multiple layers under automated or
preprogrammed control.
Similarly, the present invention may be adapted for appli
cation to other fabrication techniques which give rise to a
laminated part. For example, in filament winding, composite
articles may be prepared by the wrapping a prepreg material,
Such as preimpregnated roving, fabric, woven roving, tape,
wires, filaments, yarns, etc., around a mandrel or other form
or core Structure. Accordingly, it is contemplated that
prepregs having the Secondary reinforcing Small fibers
thereon, in accordance with the present invention, will
improve the delamination resistance of Such articles wherein
each revolution of the mandrel adds a layer or ply.
It will also be recognized that the present invention is not
limited to composite fabrication techniques employing
prepreg. For example, the use of Small fiber reinforcement
may also be employed with a wet filament winding proceSS
wherein continuous primary fiber reinforcement materials
(filament, wire, yam, tape, etc.) are drawn through a con
tainer of resin mixture and formed onto a rotating mandrel
to achieve a desired shape and then cured, e.g., in an oven.
In accordance with the present invention, the Secondary
reinforcement fibers may be placed or otherwise distributed
onto the resin coated fibers during the winding process.
Other processes, not requiring prepreg materials, which
are suitable for use with the secondary fiber reinforcement
according to the present invention include, for example,
processes involving the use of preforms. Preforms are pre
shaped fibrous reinforcements, e.g., of chopped fiber, mats,
or cloth. Preforms may be used to approximate the desired
shape and thickness of the finished part. The preform may

12
ceSSes wherein two or more Streams of reactive resin Sys
tems are combined to form the matrix material.

Resin transfer molding processes may also be adapted for
use in implementing the present invention in a manner
similar to that described above in reference to the use of
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tion is not limited to laminate interfaces of fiber reinforced

composite materials and that the use of Small fiber rein
forcement according to the present invention may be applied
to virtually any adhesive interface, including laminate mate
rials not having primary reinforcement fibers. For example,
interlayerS consisting of toughened adhesive films Such as
resins toughened with thermoplastic or elastomeric particles
may be reinforced with small diameter fibers to form inter
layerS having improved StiffneSS and Strength.
EXAMPLES
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Non-woven fabrics of polybenzimidazole (PBI) nanofi
bers with diameters ranging from 300-500 nanometers were
manufactured by electroSpinning. This temperature
resistant, linear polymer with glass transition temperature
about 430 C. is used in thermal-protective, fire-blocking,
and other aggressive temperature and environment applica
tions. The sheets of electrospun PBI nanofibers were washed
in water, treated with 50% sulfuric acid to improve the
strength of the fibers, and dried at 200 C. The a real weight

of the resulting fiber mats was 6.85 g/m. A scanning

electron microscope (SEM) picture of the non-woven PBI
sheet used in preparing the composites according to the
present invention is shown in FIG. 2A.

Laminates with and without nanoreinforcement at inter
50

later be infused with a resin mixture and cured to form a

composite part, e.g., by transferring to a mold press and
pouring or injecting the resin mixture into the mold cavity.
Where the finished part is to have two or more layers of
primary reinforcing fiber, the principle of using a Secondary
reinforcement fiber to increase interlaminar toughness may
be accomplished during manufacture of the preform by
placement of small diameter fibers in between the layers of
primary reinforcing fiber in at least one interface between
layerS or at one or more portions of at least one ply interface.
In like manner, the use of preforms comprising the Second
ary reinforcement fibers at one or more ply interfaces in
accordance with the present invention may also be readily
adapted to reaction injection molding techniques and pro

preforms. In resin transfer molding, primary fiber
reinforcement, e.g., tape, fabric, mat, etc., is laid into a mold.
The resin mixture is poured or injected into the mold cavity
and the part is then cured. Thus, where the part is to have two
or more layers of reinforcement fiber, the principle of the
present invention of using a Secondary reinforcement fiber
may be accomplished during manufacture of the reinforce
ment fiber lay-up by placement of small diameter fiber
between layers of primary reinforcing fiber for at least one
ply interface, or one or more part or parts of Such interfaces.
Similarly, reaction resin transfer molding techniques,
wherein two or more Streams of reactive resin Systems are
combined to form the matrix material, may be adapted to the
above described reinforcement fiber lay ups incorporating
the Small diameter fiber reinforcement at one or more ply
interfaces, or any part or parts thereof.
It will be recognized that the novel concept of small
diameter fiber reinforcement according to the present inven
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faces were manufactured from a unidirectional graphite/
epoxy prepreg T2C190/F263 provided by Hexcel Corpora
tion. Unidirectional Oo composite panels were
manufactured. Strips of thin Teflon(R) film were placed as
crack Starters at the midplane interface. No additional epoxy
resin was used during manufacturing of Specimens with
nanofibers. A specialized press-clave was designed and built
for proper impregnation and consolidation of PBI nanofibers
in the laminates. Several graphite/epoxy composite panels
with nanofiber reinforcement of interfaces were manufac
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tured in controlled temperature, preSSure, and Vacuum envi
ronments. Reasonable quality consolidation was confirmed

by SEM observations of the cross-sections (FIG. 2B) and
ultraSonic nondestructive evaluation.
The consolidated thickness of the nanoreinforced inter
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layer was around 21 micrometers. Volume content of nanofi
bers in the interlayer, calculated from the measured inter

layer thickness, mat areal weight, and PBI density (1.4

US 6,265,333 B1
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g/cm), was 24%. The consolidated thickness of the primary
graphite/epoxy ply in the laminate without PBI nanofibers

TABLE 2

was around 180 micrometers. Therefore, less than 12%

increase in the total laminate thickness is expected if the
nanofibers were used at each interlaminar interface. Esti

Critical Energy Release Rate.
5

mated increase in the laminate weight calculated as a ratio
of the aerial weights of the nanofiber sheet and the prepreg
tape was 2.5%.

The Arcan test method 7 was used for interlaminar
fracture testing. This test was Selected for the experimental
Study due to the relatively Small Specimen size. The possi
bility of the mixed-mode interlaminar fracture testing was
also taken into account. The two major fracture modes were
Studied: the opening, or peel mode (Mode I) and the sliding
shear mode (Mode II). The 20-ply specimens were used in
the comparative Study. Interlaminar fracture testing was
performed using MTS servohydraulic testing machine that
was digitally upgraded with an Instron 8500 Series control
and data acquisition System. Load-displacement curves were
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recorded at the constant stroke rate 0.5 mm/min. The maxi
mum loads were extracted and used to calculate the critical

StreSS intensity factors. The following expressions for the
Mode I and Mode II stress intensity factors were used 7:

G (kJ/m)

Original Laminate

O.O89

Laminate with Reinforced Interface

O.101 - 0.444

O.O36

Grie (kJ/m)
1.17

O.37

2.67 - 1.07

Optical images of the Mode I fracture surfaces of the
Specimens with nanoreinforced interface exhibited a variety
of fracture modes including rather extensive intralaminar
delamination. SEM images in FIGS. 3A and 3B show the
transition from the fracture through the nanoreinforced
interlayer to the fracture in the resin rich Zone between the
nanoreinforced interlayer and the primary ply. Pulled out
PBI nanofibers in FIG. 3B indicate their substantial
mechanical Strength. Longitudinal Splitting in the primary
ply, observed in FIG. 5, may have facilitated deviation of the
interlaminar crack into the primary ply. Optical and SEM
images of the Mode II fracture Surfaces revealed the crack
path primarily through the nanoreinforced interlayer or
through the interface between the interlayer and the primary

ply (FIGS. 4A and 4B). Some intralaminar fracture of the
25

K=o.vraf, (afc)

primary ply was also observed. The extent of intralaminar
fracture varied from Specimen to specimen. Analysis
showed that Specimens with considerable intralaminar frac
ture demonstrated lower G Values.
Overall, the laminate with nanoreinforcement at the inter

face exhibited Substantial increase in interlaminar fracture

Ku-T.VTaf (afc)

where O and T are the “far-field’ normal and shear

stresses, a is the crack length, c is the dimension of the
Specimen along the crack, and the correction factors ff,
are defined as follows:

fit (a fic) =

Material
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1.22- 0.561 (afc) + 0.085(afc) + 0.180 (afc)
1 - (af c)?

The Strain energy release rate was obtained from the StreSS
intensity factors using the following correlations 7:
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resistance compared to the unmodified laminate. This
improvement was obtained with minimal increase of lami
nate weight. Fractographic observations indicate that
intralaminar fracture of the primary plies may limit improve
ment of interlaminar fracture toughness in peel and shear.
Having described the invention of Secondary reinforce
ment fiber by way of reference to particular materials,
techniques, many additional variations and modifications
will now become apparent to those skilled in the art without
departing from the Spirit and Scope of the present invention
as defined by the appended claims. For example, it will be
recognized that the Specific matrix materials and primary
and Secondary reinforcement fiber materials disclosed
herein are provided as exemplary, illustrative, and explana
tory purposes only. Any Such listings of Specific materials
are not intended to be exhaustive and are not in any way
limiting of the present invention as defined in the appended
claims.

50

where S are the elements of the compliance matrix for a
transversely isotropic unidirectional composite. Elastic con
stants of the unidirectional T2C190/F263 composite were
obtained from the standard tensile quasi-static tests on Os),
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90), and (tA5)ss composite coupons: E=133 GPa,
E=9.4 GPa, G=5.7 GPa, and v=0.37. The elements of
the compliance matrix of the composite were computed
using elastic relations for a transversely isotropic material.
Ten or more fracture Specimens were tested for each
mode. The calculated values of the critical energy release
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reference in their entireties:

rates for laminates with and without nanofiber reinforcement

of interface are presented below. Increase of 130% in the
Mode II and 15% in the Mode I critical energy release rates
were observed, as shown in Table 2 below.

Also, it will be noted that Specific methods and techniques
of forming composite materials and parts have been dis
cussed as being readily adaptable to employ the novel
concept of small fiber reinforcement between layers. It will
be recognized that the Specific fabrication methods and
techniques are exemplary only provided to illustrate and
explain the principles of the invention. Such methods and
techniques specifically mentioned are not intended in any
way to provide a comprehensive or exhaustive listing and
are not in any way limiting of the invention as claimed.
It is the intention of the appended claims to encompass
and include Such changes. Accordingly, the Scope of the
invention should be determined solely by the appended
claims and their legal equivalents.
All references cited herein are hereby incorporated by
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What is claimed is:

1. A laminate comprising a plurality of Stacked layers,
Said layers forming an interface between each pair of adja
cent layers, Said layerS comprising a matrix material and
primary reinforcing fibers, and Said laminate further com
prising Secondary reinforcing fibers present in at least one
interface, or one or more portions of Said at least one
interface, wherein Said Secondary fibers are Smaller in diam
eter than Said primary reinforcing fibers, and wherein the
presence of Said Secondary reinforcing fibers do not Sub
Stantially add to the thickness of Said laminate, Said Second
ary reinforcing fibers having a diameter less than 4000

35

random mat.

nanometers and at least 3 nanometers.

2. The laminate according to claim 1 wherein the primary
reinforcement fibers are oriented in more than one direction

in the plane of the laminate.
3. The laminate according to claim 1 comprising a plu
rality of Said interfaces reinforced by Said Secondary rein
forcing fibers.
4. The laminate according to claim 1 wherein Said matrix
material is a thermosetting resin.
5. The laminate according to claim 1 wherein Said matrix
material is a thermoplastic resin.
6. The laminate according to claim 1 wherein Said Sec
ondary reinforcement fibers comprise one or more microfi
bers or nanofiberS Selected from the group consisting of
metal fibers, carbon fibers, ceramic fibers, polymer fibers,
and any combination thereof.
7. The laminate according to claim 1 wherein Said Sec
ondary reinforcement fibers are applied in the form of a
random mat.

8. The laminate according to claim 7 wherein said random
mat comprises continuous fibers.
9. The laminate according to claim 7 wherein said random
mat comprises discontinuous fibers.
10. The laminate according to claim 1 wherein the sec
ondary reinforcement fibers are applied to Said at least one
interface, or one or more portions of Said at least one
interface, by individually distributing the Secondary rein
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25. The prepreg according to claim 24 wherein Said
random mat comprises continuous fibers.
26. The prepreg according to claim 24 wherein Said
random mat comprises discontinuous fibers.
27. The prepreg according to claim 20 wherein the
Secondary reinforcement fibers are applied to Said at least
one Surface, or one or more portions of Said at least one
Surface, by individually distributing the Secondary reinforce
ment fibers over an area to be reinforced.
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28. The prepreg according to claim 27 wherein the
Secondary fibers are deposited from a gas or liquid Suspen
Sion of Said Secondary reinforcement fibers.
29. The prepreg according to claim 27 wherein the
Secondary fibers are manually distributed.
30. The prepreg according to claim 20 wherein the ratio
of primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 3:1 or greater.
31. The prepreg according to claim 30 wherein the ratio
of primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 5:1 or greater.
32. The prepreg according to claim 31 wherein the ratio
of primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 10:1 or greater.
33. The prepreg according to claim 32 wherein the ratio
of primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 100:1 or greater.
34. A method for the manufacture of a delamination

resistant reinforced laminate comprising the Steps of:

forcement fibers over an area to be reinforced.

11. The laminate according to claim 10 wherein the
Secondary fibers are deposited from a gas or liquid Suspen
Sion of Said Secondary reinforcement fibers.

12. The laminate according to claim 10 wherein the
Secondary fibers are manually distributed.
13. The laminate according to claim 1 wherein the Sec
ondary fibers comprise short fibers.
14. The laminate according to claim 1 wherein the Sec
ondary fibers comprise short carbon fibers.
15. The laminate according to claim 1 wherein the sec
ondary fibers comprise short metal fibers.
16. The laminate according to claim 1 wherein the ratio of
primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 3:1 or greater.
17. The laminate according to claim 16 wherein the ratio
of primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 5:1 or greater.
18. The laminate according to claim 17 wherein the ratio
of primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 10:1 or greater.
19. The laminate according to claim 18 wherein the ratio
of primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 100:1 or greater.
20. A prepreg comprising a resin matrix and primary
reinforcement fiber, Said prepreg further comprising a Sec
ondary fiber layer apart from Said primary reinforcement
fiber at one or both Surfaces of the prepreg, or one or more
portions of Said one or both Surfaces of the prepreg, Said
Secondary reinforcement fiber layer comprising fibers hav
ing a diameter Smaller than Said primary fiber, Said Second
ary fiber layer including fibers having a diameter less than
4000 nanometers and at least 3 nanometers.
21. The prepreg according to claim 20 wherein Said
matrix material is a thermosetting resin.
22. The prepreg according to claim 20 wherein Said
matrix material is a thermoplastic resin.
23. The prepreg according to claim 20 wherein Said
Secondary reinforcement fibers comprise one or more
microfibers or nanofiberS Selected from the group consisting
of metal fibers, carbon fibers, ceramic fibers, polymer fibers,
and any combination thereof.
24. The prepreg according to claim 20 wherein Said
Secondary reinforcement fibers are applied in the form of a
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(a) providing a plurality of prepregs;
(b) applying Secondary fibers to one or more portions of
at least one Surface of at least one of Said prepregs,
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wherein Said Secondary fibers are Smaller in diameter
than Said primary fibers, Said Secondary fibers having a
diameter less than 4000 nanometers and at least 3

nanometers,

(c) Stacking said layerS Such that said Secondary fibers are
present in at least one interface, or portion thereof,
between layers,

(d) forming the composite by consolidation of Said plu
rality of prepregs.

35. A method for the manufacture of a delamination

resistant reinforced laminate comprising the Steps of:

(a) providing a plurality of layers of primary reinforce
ment fibers to form at least one interface between Said

layers,

(b) placing Secondary fibers on one or more portions of
Said at least one interface between layers, wherein Said
Secondary fibers are Smaller in diameter that Said
primary fibers, Said Secondary fibers having a diameter
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less than 4000 nanometers and at least 3 nanometers;

(c) applying a matrix material to said plurality of layers;
(d) forming the composite by consolidation of the matrix
material and the plurality of layers, wherein the pres
ence of Said Secondary reinforcing fibers do not Sub
Stantially add to the thickness of Said reinforced lami
nate.

36. A method of making a resin prepreg, Said method
comprising the Steps of providing an initial prepreg rein
forced with primary reinforcement fiber, and applying Sec
ondary reinforcement fiber to one or more portions of at least
one Surface of Said initial prepreg, wherein Said Secondary
reinforcement fiber is Smaller in diameter than Said primary
reinforcement fiber, Said Secondary reinforcement fiber hav
ing a diameter less than 4000 nanometers and at least 3
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thickness of Said laminate.

39. A method according to claim 36 wherein said sec
ondary reinforcement fibers do not substantially add to the
thickness of Said laminate when Said prepreg is used in
making a laminate.
40. The laminate according to claim 7 wherein said
random mat comprises whiskers.
41. The prepreg according to claim 24 wherein Said
random mat comprises whiskers.
42. A laminate comprising a plurality of Stacked layers,
Said layers forming an interface between each pair of adja
cent layers, Said layerS comprising a matrix material and
primary reinforcing fibers, and Said laminate further com
prising Secondary reinforcing fibers present in at least one
interface, or one or more portions of Said at least one
interface, wherein Said Secondary fibers are Smaller in diam
eter than Said primary reinforcing fibers, and wherein Said
Secondary fibers are applied in the form of a random mat.
43. A laminate comprising a plurality of Stacked layers,
Said layers forming an interface between each pair of adja
cent layers, Said layerS comprising a matrix material and
primary reinforcing fibers, and Said laminate further com
prising Secondary reinforcing fibers present in at least one
interface, or one or more portions of Said at least one
interface, wherein the ratio of primary reinforcement fiber
diameter to Secondary reinforcement fiber diameter is about
10:1 or greater.
44. The laminate according to claim 43 wherein the ratio
of primary reinforcement fiber diameter to Secondary rein
forcement fiber diameter is about 100:1 or greater.

a diameter less than 4000 nanometers and at least 3

nanometers, and wherein the thickness of Said reinforced

nanometerS.

37. The prepreg according to claim 20 wherein the
Secondary reinforcement fibers do not Substantially add to
the thickness of a laminate when Said prepreg is used in
making a laminate.
38. A method according to claim 34 wherein said sec
ondary reinforcement fibers do not substantially add to the

45. A laminate comprising a plurality of Stacked layers,
Said layers forming an interface between each pair of adja
cent layers, Said layerS comprising a matrix material and
primary reinforcing fibers, and Said laminate further com
prising Secondary reinforcing fibers present in at least one
interface, or one or more portions of Said at least one
interface, wherein Said Secondary fibers are Smaller in diam
eter that Said primary reinforcing fibers, Said Secondary
fibers having a diameter less than 4000 nanometers and at
least 3 nanometers, and wherein the primary reinforcing
fibers a preimpregnated with matrix material prior to form
ing the laminate.
46. A laminate comprising a plurality of Stacked layers,
each of Said Stacked layerS having a thickness, Said layers
forming an interface between each pair of adjacent layers,
Said layers comprising a matrix material and primary rein
forcing fibers embedded in Said matrix material, and Said
laminate further comprising Secondary reinforcing fibers
present in at least one interface, or one of more portions of
Said at least one interface, wherein the presence of Said
Secondary reinforcing fibers in Said at least one interface
forms a reinforced interlayer between Said Stacked layers,
wherein Said Secondary fibers are Smaller in diameter than
Said primary reinforcing fibers, Said Secondary fibers having
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interlayer is about 12% or less of the thickness of said
adjacent layers.
47. A laminate comprising a plurality of Stacked layers,
each of Said Stacked layerS having a thickness, Said layers
forming an interface between each pair of adjacent layers,
Said layers comprising a matrix material and primary rein
forcing fibers embedded in said matrix material, and Said
laminate further comprising Secondary reinforcing fibers
present in at least one interface, or one or more portions of
Said at least one interface, wherein Said Secondary reinforc
ing fibers are Smaller in diameter than Said primary rein
forcing fibers, Said Secondary reinforcing fibers having a
diameter less than 4000 nanometers and at least 3
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nanometers, and wherein Said laminate is manufactured

without preimpregnation of the Secondary reinforcing fibers
with matrix material.
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48. A laminate comprising a plurality of Stacked layers,
each of Said Stacked layerS having a thickness, Said layers
forming an interface between each pair of adjacent layers,
Said layers comprising a matrix material and primary rein
forcing fibers embedded in Said matrix material, and Said
laminate further comprising Secondary reinforcing fibers
present in at least one interface, or one or more portions of
Said at least one interface, wherein the presence of Said
Secondary reinforcing fibers in Said at least one interface
forms a reinforced interlayer between Said Stacked layers,
wherein Said Secondary reinforcing fibers are Smaller in
diameter than Said primary reinforcing fibers, Said Secondary
reinforcing fibers having a diameter less than 4000 nanom
eters and at least 3 nanometers, and wherein Said Secondary
reinforcing fibers comprise continuous fibers.
49. A method of making a resin prepreg, Said method
comprising the Steps of preimpregnating primary reinforce
ment fiber with uncured or partially cured resin to produce
preimpregnated primary reinforcement fiber, and applying
Secondary reinforcement fiber to one or more portions of at
least one Surface of Said preimpregnated primary reinforce
ment fiber, wherein Said Secondary fiber is Smaller in diam
eter than Said primary reinforcement fiber, Said Secondary
fiber having a diameter less than 4000 nanometers and at
least 3 nanometers.

